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Abstract	  
	  
Lithium-ion batteries are vital energy storage devices due to their high specific 
energy density, lack of memory effect, and long cycle life. While they are predominantly 
used in small consumer electronics, new strategies for improving battery safety and 
lifetime are critical to the successful implementation of high-capacity, fast-charging 
materials required for advanced Li-ion battery applications. Currently, the presence of a 
volatile, combustible electrolyte and an oxidizing agent (Lithium oxide cathodes) make 
the Li-ion cell susceptible to fire and explosions. Thermal overheating, electrical 
overcharging, or mechanical damage can trigger thermal runaway, and if left unchecked, 
combustion of battery materials. 
To improve battery safety, autonomic, thermally-induced shutdown of Li-ion 
batteries is demonstrated by depositing thermoresponsive polymer microspheres onto 
battery anodes. When the internal temperature of the cell reaches a critical value, the 
microspheres melt and conformally coat the anode and/or separator with an ion insulating 
barrier, halting Li-ion transport and shutting down the cell permanently. Charge and 
discharge capacity is measured for Li-ion coin cells containing microsphere-coated 
anodes or separators as a function of capsule coverage. Scanning electron microscopy 
images of electrode surfaces from cells that have undergone autonomic shutdown 
provides evidence of melting, wetting, and re-solidification of polyethylene (PE) into the 
anode and polymer film formation at the anode/separator interface. 
 As an extension of this autonomic shutdown approach, a particle-based separator 
capable of performing autonomic shutdown, but which reduces the shorting hazard posed 
by current bi- and tri-polymer commercial separators, is presented. This dual-particle 
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separator is composed of hollow glass microspheres acting as a physical spacer between 
electrodes, and PE microspheres to impart autonomic shutdown functionality. An oil-
immersion technique is developed to simulate an overheating condition while the cell is 
cycling. Experimental protocols are developed to assess the performance of the separator 
in terms of its ability to perform autonomic shutdown and examine tested battery 
materials using scanning electron microscopy. 
 Another approach to improving battery functionality is via the microencapsulation 
of battery additives. Currently, additives are added directly into a battery electrolyte, and 
while they typically perform their function given a sufficient loading, these additives 
often do so at the expense of battery performance. Microencapsulation allows for a high 
loading of additives to be incorporated into the cell and their release triggered only when 
and where they are needed. In this work, microencapsulation techniques are developed to 
successfully encapsulate 3-hexylthiophene, a stabilizing agent for high-voltage cathodes 
in Li-ion batteries and conductive polymer precursor, as well as the flame retardant 
Tris(2-choloroethyl phosphate) (TCP). Microcapsules containing 3-hexylthiophene are 
coated onto model battery electrodes and immersed in electrolyte. The microcapsule shell 
wall insulates the 3-hexylthiophene until the microcapsules are mechanically crushed and 
electropolymerization of the released core to form poly(3-ht) occurs under cyclic 
voltammetry. In addition, TCP was encapsulated using in situ polymerization. TCP-
containing microcapsules are stable in electrolyte at room temperature, but are thermally 
triggered to release their payload at elevated temperatures.  Experimental protocols are 
developed to study the in situ triggering and release of microencapsulated additives. 
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Li-ion batteries are vital energy storage devices due to their high specific energy 
density, lack of memory effect, and long cycle life.1–4 They are predominantly used in 
consumer electronics, but improvements in safety are required for full acceptance of 
Li-ion cells in transportation applications such as electric vehicles or aerospace 
systems.5,6 The presence of a volatile, combustible electrolyte and an oxidizing agent 
(Lithium oxide cathodes) makes the Li-ion cell susceptible to fires and explosions.7 
According to the Federal Aviation Administration (FAA), from 1991 to 2010, there were 
113 battery-related air incidents involving fire, smoke, extreme heat, or explosion.8 
Thermal overheating, electrical overcharging, or mechanical damage can trigger thermal 
runaway and when left unchecked, combustion of battery materials. 
 
1.1 Safety Issues in Lithium-ion Batteries 
When a Li-ion battery cell exceeds a critical temperature (ca. 150 °C), exothermic 
chemical reactions are initiated between the electrodes and the electrolyte, raising the 
cell’s internal pressure and temperature.9–13 The increased temperature accelerates these 
chemical reactions, producing more heat through a dangerous positive feedback 




Figure 1.1: Schematic of the mechanisms of thermal runaway in Li-ion batteries.15 
 
Further, the onset temperature of thermal runaway in Li-ion batteries decreases 
with increasing state of charge, making Li-ion cells even more susceptible to explosive 
failure.16,17 While methods intended to terminate cell operation under unsafe conditions 
are currently used in commercial Li-ion batteries, these methods are not fail-safe.  The 
motivation for this work is to improve battery safety by implementing autonomic 
shutdown mechanisms in Li-ion batteries that mitigate the shortcomings of modern 
battery shutdown technology, as well as incorporating safety-improving additives (i.e, 
flame retardants) if cell failure cannot be prevented. 
 
1.2 Literature Review of Safety Methods in Li-ion Batteries 
1.2.1 Physical Shutdown Features 
To prevent catastrophic thermal failure in commercial Li-ion batteries, a number 
of conventional safety devices are used. These devices include thermal fuses, positive 
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  temperature coefficient (PTC) devices, and electronic circuit breakers14,18 that are 
external to the cell, or the use of internal separators that shutdown at high temperature.  
PTC devices are made from a composite of polymers and conducting particles. 
When the polymer matrix is heated above its glass transition temperature, its transition 
from crystalline to amorphous is accompanied by significant expansion, breaking the 
conductive pathway between embedded particles as shown schematically in Figure 1.2. 
As a result, PTC elements exhibit a large increase in resistance upon thermal activation, 
halting the flow of current at the battery terminal.14 However, an important concern with 
external safety mechanisms, such as PTC devices, is their ability to respond when 
hazardous reactions take place at high rates internal to the battery cell.18	   
 
 
Figure 1.2: Principle of a conductive polymer PTC device. (Schematic modified from 
Reference 14) 
 
The oldest and most common current limiting device is a single-use thermal fuse, 
which is a metal alloy wire with resistance and thermal characteristics that allow it to 
melt when a preset current flows through it. The advantages of a fuse as a safety device 
include its simple construction and its availability in a wide range of currents.  The 
primary disadvantage of such a device is that it can prematurely trigger under normal 
3
	  operational mode of the battery, and can be inadvertently replaced with fuses of higher or 
lower current ratings.14  
Other circuit breakers consist of electronic protection circuit modules that can be 
used to protect battery packs and monitor their temperature. Electronic protection circuit 
modules are usually attached to battery packs as separate modules. In the event of an 
abuse condition, the electronic safety circuit opens the battery circuit and prevents 
damage to the pack.14,19 
Shutdown separators rely on a phase change mechanism to limit ionic transport 
via formation of an ion-impermeable layer between the electrodes.20,21 Commercial 
shutdown separators typically consist of a poly(ethylene)(PE)-polypropylene(PP) bilayer 
or a PP-PE-PP trilayer structure (Figure 1.3a). Above a critical temperature, the porous 
PE layer softens, collapsing the film pores and preventing ion conduction, while the PP 
layer provides mechanical support. However, when the internal cell temperature rises to 
the softening temperature of the separator, the separator shrinks (Figure 1.3b) because of 
residual stresses induced during stretching of the separator films and the difference in 




Figure 1.3: Morphology and shrinking of a commercial separator. a) Scanning Electron 
Microscopy (SEM) image of a cross-section of a commercial Celgard trilayer shutdown 
separator structure.23 Poly(propylene) (PP) outer layer provides mechanical support, 
while the poly(ethylene) (PE) inner layer provides shutdown capability. b) Comparison of 
commercial Celgard 2325 separators before and after heating to 135 °C. 
 
In a PP-PE-PP trilayer structure, there is a buffer of only 35 °C between the 
melting point of PE (130 °C) and the melting point of PP (165 °C). If cell temperature 
continues to increase post-shutdown as a result of thermal inertia, the separator can fail, 
exposing the electrodes to internal shorting.14,24 In some cases, cells with a shutdown 
separator remain shutdown for as little as 3 min before failing due to internal shorting.25 
Other shutdown separators for Li-ion batteries have been reported in the patent 
literature. Faust et al. described placing a wax-coated fabric between an electrode and the 
separator, where the wax on the fabric melts to close separator pores,26 and Ullrich et al. 
described a sintered wax particle-coated electrode for thermal shutdown.27  
 
1.2.2 Safety Improving Battery Additives 
Battery additives that limit overcharge voltage have been described in the 
literature and are an active area of research.28,29 Lithium-ion batteries use organic 
electrolytes that lack an intrinsic limitation for voltage rise during overcharge; if a cell is 
overcharged, voltage can climb uncontrollably. This can set off a number of exothermic 
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  reactions, such as decomposition of the cathode material, irreversible oxidation of the 
electrolyte at the oxidizing cathode, thermal decomposition of protective solid electrolyte 
interface (SEI) layer, all of which can lead to thermal runaway and cell explosion.  
To protect battery cells from overcharging, additives classified as ‘redox shuttles’ 
have been developed.30,31 When overcharging, the shuttle molecules are oxidized at the 
positive electrode and the oxidized species diffuses to the negative electrode, where it is 
reduced back to a neutral molecule.22 These redox shuttle molecules act as an internal 
discharging mechanism and the potential of the oxidizing cathode is locked at the 
oxidizing potential of the shuttle molecules. 
Shutdown additives for Li-ion batteries have also been described in the literature. 
Here, the additive molecules polymerize to release a gas, which activates the battery 
cell’s current interrupting device (CID), while the resulting polymer is covered on the 
surface of the cathode to prevent from further overcharge.28,32 However, these 
compounds negatively affect the long-term operation of Li-ion batteries due to slow and 
irreversible oxidation of these compounds.22 Additionally, shutdown additives that cause 
rapid solidification of battery electrolyte have also been described.33 
Reducing the high flammability of liquid electrolytes has been a key thrust in 
using additives to improve battery safety. The use of flame retardant additives is well 
established, and there are two mechanisms to explain flame retardation: (1) a physical 
char forming process, which builds an isolating layer between the bulk and gas phases to 
stop combustion34–36, and (2) radical scavenging chemicals, which terminate radical chain 
reactions responsible for combustion reactions in the gas phase.35–37 Further, the presence 
of flame retardants reduces the self-heating rate and delays the temperature at which 
6
	  propagating self-heating initiates, both of which are critical factors in improving Li-ion 
battery safety and thermal stability.22 
 
1.3 Motivation for Incorporation of Microspheres and Microcapsules into Li-ion 
Batteries 
 
Microspheres are small, solid, spherical particles, and can be manufactured from a 
variety of natural and synthetic materials, such as glass, polymers, or ceramics and can 
vary widely in quality, sphericity, uniformity, and particle size. Commercially produced 
microspheres have a variety of applications, as fillers in materials processing38, electronic 
paper39, in biomedical applications40, in cosmetics41, and in drug delivery42. In this work, 
it will be shown that microsphere technology can be used to impart an autonomic 
shutdown response in overheated Li-ion batteries. The microspheres described here can 
be used in conjunction with current commercial trilayer separators for an increased level 
of battery safety, or in place of existing separators entirely. Additionally, a wide range of 
polymer microspheres can be used in order to optimize shutdown response by tailoring 
trigger temperature, rate of shutdown, and thermomechanical stability for specific battery 
designs. 
Microcapsules are small vessels designed to contain a useful payload enclosed 
within a continuous shell wall, typically polymeric. Microcapsules can be engineered to 
respond to a variety of stimuli, including pressure,43–47 pH,48–50 electric fields51–54, 
magnetic fields55–58, and temperature59–62. Microencapsulation has been extensively used 
for drug delivery,55,63 in the food industry64, and recently, in self-healing of polymers and 
composites65.  Because of their wide flexibility in available trigger mechanisms and 
payloads, incorporating microcapsules in Li-ion batteries has significant potential for 
7
	  improving the safety and extending the lifespan of cells by delivering protective or 
restorative chemical species, provided that the capsules can be stabilized to withstand the 
harsh internal cell environment. In this work, microcapsules that can be triggered 
thermally are of particular interest due to the critical role of temperature in Li-ion battery 
reactions. 
 
1.4  Overview and Outline of the Dissertation 
The focus of this thesis was to develop and test microspheres and microcapsules 
designed for improving the safety of Li-ion batteries, an application not previously 
explored to date in the battery industry. The research presented here will focus on four 
distinct areas:  
• (1) autonomic shutdown of Li-ion batteries using thermoresponsive 
microspheres,  
• (2) microsphere-based shutdown separators,  
• (3) microencapsulation of stabilizing battery additives, and  
• (4) microencapsulation of flame retardants for battery safety.  
Much of the work done towards development of microspheres and microcapsules 
stable in a Li-ion battery environments may be broadly applied to a variety of Li-ion 
battery chemistries, and is not limited to the specific cathode and anode materials 
described here. Research towards microencapsulation of life-extending additives such as 
3-hexylthiophene and demonstration of in-situ electropolymerization may be applicable 
to future work in self-healing battery materials. Finally, the microencapsulation of flame 
retardants is important when considering the often-toxic nature of these materials, and 
8
	  potential applications, such as use in consumer fabrics, building materials, and composite 
materials, extend beyond Li-ion batteries. 
In Chapter 2, a technique for performing autonomic shutdown using 
thermoresponsive microspheres, and the effect of those microspheres on battery 
performance is detailed.  
In Chapter 3, a polydopamine coating technique is developed to coat the surface of 
thermoresponsive microspheres, which significantly reduces the amount of PE required 
for shutdown compared to neat microspheres.  
Chapter 4 describes the development of particle-based, non-shrinking shutdown 
separators. Hollow glass microspheres are used as physical spacers, preventing electrode 
contact, while dopamine-coated polyethylene microspheres perform thermally-triggered 
autonomic shutdown on demand.  
Chapter 5 describes the microencapsulation of 3-hexylthiophene (3-HT), a battery 
additive, in polyamide microcapsules. Encapsulation of battery additives such as 3-HT in 
microcapsules that remain stable and latent in the electrolyte until required may lead to 
enhanced battery performance and extended battery lifetimes. 
Chapter 6 reports the microencapsulation of Tris(2-chloroethyl phosphate), a known 
Li-ion battery flame retardant, for improving the safety of Li-ion batteries. Core-shell 
microcapsules containing flame retardants prevent chemicals from outgassing over time, 
and sequester flame retardants isolated from the battery electrolyte, thus preventing 
adverse interactions which negatively affect battery performance. 
9
	  Chapter 7 summarizes the thesis on improving safety of Li-ion batteries. Challenges 
associated with immediate commercialization of these concepts are discussed and a 
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  Chapter	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Autonomic	  Shutdown	  Using	  Thermally	  Responsive	  
Polymer	  Microspheres	  
	  
In this Chapter, the autonomic shutdown of Li-ion batteries using 
thermoresponsive microspheres is described. These microspheres are present and remain 
inert during regular cell operation, however, in the event of cell overheating, they are 
thermally-triggered to provide an immediate cell shutdown response. Our autonomic 
shutdown concept is designed to respond directly to the elevated temperature that occurs 
during reactions between electrolytes and electrodes under thermal runaway conditions. 
Polymer microspheres that undergo a thermal transition (melt) at a predetermined trigger 
temperature are deposited on the battery anode (or separator) and once triggered, melt 
and wet the anode, providing an ion-insulating barrier that prevents further battery 
operation. Microsphere synthesis is explained and coating fabrication methods are 
described. Autonomic shutdown of Li-ion battery cells containing thermoresponsive 




Safety of Lithium-ion batteries in electric vehicles, commercial aircraft, and 
consumer electronics is imperative.1–3 To prevent catastrophic thermal failure in 
commercial Li-ion batteries, a number of conventional safety devices are incorporated, 
including external thermal fuses, safety vents, and electronic circuit breakers.4,5 An 
important concern with external safety mechanisms is the rate of response, which may be 
too slow to mitigate rapid internal thermal events.5  Internal shutdown separators, i.e, 
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  polymeric films that rely on a phase change mechanism to limit ionic transport,6,7 are 
another commonly used safety device, but are limited in their effectiveness due to 
thermal shrinkage and increased risk of electrode shorting.8,9 
Our approach to improving the safety of Li-ion batteries is through the 
incorporation of functional microspheres into battery components. Due to the inherent 
role of temperature in reactions occurring between electrolytes and electrodes near 
thermal runaway conditions, we propose the use of thermoresponsive microspheres to 
perform autonomic shutdown (Figure 2.1). In this concept, battery electrodes or the 
separator are coated with low-density polymer microspheres (PE or paraffin wax) that 
undergo a thermal transition (melt) at a predetermined trigger temperature. The molten 
material wets the interface and provide an ion-insulating barrier, which prevents further 
battery operation.  
 
Figure 2.1: Schematic representation of microspheres shutdown concept for Li-
ion batteries. Electrodes are functionalized with thermoresponsive microspheres, 
which above a critical internal battery temperature undergo a thermal transition 
(melt). The molten spheres coat the electrode surface, forming an ionically 
insulating barrier and shutting down the battery cell.  
 
The proposed microsphere-based shutdown mechanism offers significant 
advantages over current shutdown separator technology. First, unlike commercial 
shutdown separators, which shrink and risk electrode shorting, ionic conduction is 
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  blocked by in situ formation of a conformal polymer film on the electrode surface. 
Second, polymer microsphere technology can be used in conjunction with trilayer 
separators for an increased level of battery safety. Third, a wide range of polymer 
microspheres can be used in order to optimize shutdown response by tailoring trigger 
temperature, rate of shutdown, and thermomechanical stability for specific battery 
designs. Finally, microsphere and microcapsule-based approaches provide the 
opportunity for multifunctional response beyond thermal shutdown, including the 
delivery of protective or restorative chemical species. 
 
2.2  Microsphere Preparation and Characterization  
Since battery electrolytes contain harsh carbonate solvents capable of dissolving 
many polymers, the choice of polymer for the microsphere is critical. Since PE is already 
used in Li-ion batteries as a separator material, and is available in a wide range of 
densities, it was selected for the encapsulation material. By modifying the technique of 
Dowding et al.10, a technique for preparation of high quality microspheres with a 
diameter of less than 10 µm was achieved. The key changes included elevating the 
solvent temperature in order to dissolve the PE and changing the surfactants to stabilize 
the PE/xylene-in-water emulsion. 
PE microspheres were prepared using a solvent evaporation technique. PE (1.8 g) 
was dissolved in xylenes (55 mL) at 75 °C. The PE-xylene mixture was added to 150 mL 
of an aqueous surfactant mixture consisting of 1 wt% Brij® 76 (75 mL) and 1 wt% 
sodium dodecyl sulfate (SDS) (75 mL). The combined mixture was heated to 90 °C and 
mechanically stirred at 1000 rpm. The xylene was allowed to evaporate for 30 min under 
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  continuous agitation, at which point an additional 90 mL of the Brij/SDS surfactant 
mixture was added to the reaction beaker. Stirring was continued for an additional 
30 min, at which point the reaction beaker was removed from the heated bath. 
Microspheres were gravimetrically separated from the reaction solution, centrifuged, and 
rinse three times with deionized water to remove excess surfactant. PE microspheres 
prepared with this method have a smooth exterior surface (Figure 2.2a - inset) and are 
polydisperse. A histogram of microsphere diameter (Figure 2.2a) shows a bimodal 
distribution with a number average and weight average diameter of 4 µm and 9 µm, 




Figure 2.2: Histogram of PE microsphere diameter. Inset: Scanning electron microscopy 
(SEM) image of PE microsphere morphology. 
 
Paraffin wax microspheres were prepared using a meltable dispersion technique. 
Paraffin wax (20 g) was melted at 65 °C and added to 175 mL of an aqueous surfactant 
mixture of 1% poly(vinyl alcohol) (25 mL) and deionized water (150 mL). The combined 
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  mixture was heated to 70 °C and mechanically stirred at 2000 rpm. After emulsifying for 
2 min, deionized ice-water (500 mL at 0 °C) was added to the reaction beaker to solidify 
the paraffin microspheres. Microspheres were rinsed to remove excess surfactant and air-
dried. The resulting microspheres have a rough surface morphology and have a number 
average diameter of 42 µm and a weight average diameter of 47 µm. 
 
2.3 Electrode and Separator Coating 
PE and paraffin wax microsphere coated anodes were prepared by spin-coating a 
suspension of microspheres onto graphitic anode disks (1.27 cm dia.). The microsphere 
suspension was prepared by combining microspheres with poly(vinylidene fluoride) 
binder in a 10:1 ratio, and mixing with varying amounts of n-methyl pyrrolidone (NMP) 
solvent. The suspension was then manually stirred to ensure a homogenous dispersion of 
binder. We define the surface coverage (ρ) of microspheres on a substrate material as 
ρ = mspheres/SAsubstrate, where mspheres is the mass of microspheres deposited onto the 
substrate and SAsubstrate is the surface area of the substrate. The surface coverage of 
microspheres on each anode was controlled by adjusting the concentration of 
microspheres in the suspension and the rotation speed of the spin-coater (Figure 2.3). 
Higher surface coverage was obtained by increasing the concentration of microspheres in 
suspension or by reducing the rotation speed. A representative anode surface after spin-
coating at 3000 rpm from a 30 wt% suspension of PE microspheres in NMP solvent is 
shown in Figure 2.3 - inset. During the spinning process microspheres tend to accumulate 
near the edge of the anode and during the drying process some aggregation of 
microspheres is evident.  Profilometry of an anode with ρ = 5.5 mg cm-2 gives an RMS 
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  roughness of 5.9 microns, compared to an RMS roughness of 1.5 microns for a control 
anode (ρ = 0 mg cm-2) without microspheres. 
 
Figure 2.3: Characterization of anodes coated 
with thermally-triggered PE microspheres. 
(Inset) Optical image of a representative anode 
surface after spin-coating at 3000 rpm from a 30 
wt% suspension of PE microspheres in NMP 
solvent. 
 
A similar procedure was used to functionalize commercial trilayer PP-PE-PP 
Celgard® 2325 separators (1.75 cm dia.) with PE microspheres. Higher surface coverage 
separators can be obtained by depositing the microsphere suspension onto the separator 
without spin-coating and allowing the separator to air dry.  
Following electrode functionalization, anodes and separators were assembled into 
coin cells containing Li(Ni1/3Co1/3Mn1/3)O2 cathodes and 1.2 M LiPF6 in ethylene 





	  2.4 Demonstration of Autonomic Shutdown in Li-ion Coin Cells 
The shutdown performance of coin cells containing coated anodes (or separator) 
was assessed using CR2032 type Li-ion coin cells. Cells were first cycled at the 1 C rate 
from 3 V to 4.2 V vs. Li at room temperature (25 °C) to verify cell operation. Voltage 
and current were monitored with time, and the resulting behavior for room temperature 
testing is shown in Figure 2.4a. Coin cells containing anodes coated with PE 
microspheres were then heated to 110 °C by immersion in heated silicone oil (1 L) during 
cell cycling. Cell shutdown was verified (Figure 2.4b) in contrast to control cells in which 
no functionalization of the anode was used (Figure 2.4e). Cells were then heated to 
135 °C (activation temperature of the Celgard 2325 commercial shutdown separator) with 
no further change in the voltage or current profile of the cell, indicating that the cell was 
permanently shut down due to microsphere activation (Figure 2.4c). Coin cells containing 
PE microspheres showed similar voltage and current profiles to that of control cells both 




Figure 2.4: Voltage and current profiles for coin cells containing a PE microsphere coated 
anode (a-c) and an uncoated anode (control cell) (d-f). (a) Room temperature cycling 
profile for a cell containing a commercial separator and PE microspheres (12.7 mg cm-1 
coverage) on the anode. (b) Cycling profile demonstrating shutdown achieved using PE 
microspheres on the anode at 110 °C. (c) Cycling profile at 135 °C for cell previously 
shutdown at 110 °C. (d) Room temperature cycling profile of a control cell containing 
only a commercial shutdown separator as a shutdown mechanism (no PE microspheres). 
(e) Cycling profile of a control cell at 110 °C. (f) Cycling profile of a control cell 
previously exposed to 110 °C  with shutdown achieved by a commercial tri-layer 
separator at 135 °C. 
 
The specific charge capacity for coin cells with increasing levels of PE 
microsphere on the anode is shown in Figure 2.5a. At low PE microsphere coverages (ρ ˂ 
2.0 mg cm-2), specific charge capacity is reduced as a result of thermal treatment (110 °C), 
but some capacity remains. At ρ = 3.5 mg cm-2 the specific charge capacity is reduced by 
92% at 110 °C. The minimum observed coverage required for full cell shutdown (> 98% 
loss in initial capacity) is 7.4 mg cm-2. In this case, shutdown occurs within 
approximately 6 min. The time scale in which thermal runaway occurs as a result of a 
short circuit is approximately 1 min.[9] Coverage of 9.2 mg cm-2, 10.5 mg cm-2, and 20.5 
mg cm-2 induce shutdown within 2.5 min, 65 s, and 37 s, respectively. Although fast 
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  shutdown times (< 1 min) can be achieved with higher surface coverage of PE 
microspheres, other polymers are being investigated to meet this requirement at a lower 
surface coverage. At room temperature, capacity of coin cells is unaffected until ρ ˃ 12 
mg cm-2, when cycling at a rate of 1 C. 
To demonstrate that the microsphere-based autonomic shutdown concept is not 
limited to PE microspheres alone, paraffin wax microspheres (m.p. 60 °C) were 
incorporated into Li-ion coin cell batteries and tested both at room temperature and at 
65 °C. Specific charge capacity as a function of paraffin wax microsphere coverage is 
shown in Figure 2.5b. Like cells containing PE-coated anodes, cell shutdown is achieved 
above a certain critical coverage (ρ = 2.9 mg cm-2). Shutdown using paraffin wax 
microspheres is achieved rapidly, with coverages of 7.5, 8.6, and 21.0 mg cm-2 resulting 
in shutdown in 244, 22, and 5.2 seconds respectively. Room temperature capacity of coin 
cells is unaffected until ρ = 7.6 mg cm-2 when cycling at 1 C.  
 
Figure 2.5: Specific charge capacity of cells containing microsphere coated anodes at 
room temperature and 110 °C. (a) Specific charge capacity of cells containing PE 
microsphere coated anodes. (b) Specific charge capacity of cells containing paraffin wax 
microsphere coated anodes. 
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  We also coated commercial Celgard 2325 separators with PE microspheres and 
demonstrated autonomic shutdown at 110 °C. Specific charge capacity as a function of 
microsphere coverage is shown in Figure 2.6. The critical coverage for full shutdown 
with PE-functionalized separators was found to be ρ = 13.7 mg cm-2, a value higher than 
for PE or paraffin-functionalized anodes.  
 
 
Figure 2.6: Specific charge capacity of cells 
containing PE microsphere coated separators at 
room temperature and at 110 °C.  
 
 
2.5 Impedance Testing 
  
To verify cell shutdown, impedance tests were performed on coin cells at various 
(low, medium, and high) coverages. Cell impedance increased by several orders of 
magnitude as a result of polymer film formation during shutdown (Table 1).  For example, 
at ca. 9 mg cm-2 coverage, the cell impedance increases by roughly two orders of 
magnitude from 25 °C to 110 °C. We also see a significant increase in post-shutdown 
impedance for cells above the critical coverage concentration (ρ = 2.9 mg cm-2) in 
comparison to control cells (ρ =  0 mg cm-2).   
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Table 2.1: Impedance data (at 1 kHz) for coin cells cycled at 25 °C and 110 °C 
Coverage, ρ [mg cm-2] Impedance [Ω] (1 kHz) @ 25 °C @ 110 °C 
None (0) 8.14 368 
Low (1.8-2.2) 8.88 342 
Medium (8.9-9.2) 9.75 1,010 
High (16.7-18.1) 18.8 10,500 
 
 
Impedance data for coin cells cycled at room temperature reveals that a significant 
increase occurs for the two highest coverages tested. Nevertheless, at a 1 C cycling rate, 
the effect of increased impedance on battery capacity does not appear to be evident. With 
the current system, testing at higher cycling rates may show a sacrifice in battery capacity. 
However, future studies will focus on improving this performance via optimization of 
sphere size, surface functionalization, binder concentration, and surface coverage. 
 
2.6  Thermal Stability 
To maintain cycle life and ensure safe operation, Li-ion batteries typically operate 
below 45 °C.11,12 The stability of the PE microsphere functionalized anodes was 
investigated at 45 °C, and compared to cell performance at room temperature (25 °C). A 
coin cell with ρ = 6.6 mg cm-2 was cycled at 25 °C and 45 °C. Specific charge capacities 
(averaged over 3 cycles) are 122 mAh g-1 and 120 mAh g-1, respectively, indicating no 
significant loss in capacity as a result of elevated temperature.  
 
2.7  Post-Shutdown Electrode Surface Morphology 
Post-shutdown, both control cells and cells containing PE microspheres were 
disassembled and the anode and separator were isolated from the battery casing and 
allowed to dry. A representative control anode and coated anode before and after 
shutdown were examined by SEM. An anode from a control cell that was cycled at 
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  110 °C is shown in Figure 2.7a,d. An anode coated with PE microspheres (ρ = 7.7 mg 
cm-2 ) is shown in Figure 2.7b,e. The microspheres appear uniformly distributed in a 
layer approximately 75 µm in height. Although this layer is roughly three times thicker 
than a commercial trilayer separator, the cell performs comparably to a control cell at 1 C. 
However, coating thicknesses may have to be decreased to avoid sacrificing high energy 
density and for high rate performance (above 1 C). For cells where full shutdown occurs 
at 110 °C, the PE microspheres have melted completely and infiltrated the anode, 
effectively blocking Li-ion transport (Figure 2.7c,f).  
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Figure 2.7: Scanning electron microscopy images of 
anode cross sections and surfaces. (a) Cross-sectional 
view of an anode cycled at 110 °C (control), (b) anode 
with ρ = 7.7 mg cm-2 before incorporation into coin cell 
(c) anode with ρ = 7.7 mg cm-2  and cycled at 110 °C, (d) 
Top view of a cycled and heated (110 °C) anode 
(control), (e) Top view of anode with ρ = 7.7 mg cm-2  
before incorporation into a coin cell, (f) cycled, heated 
(110 °C) anode with ρ = 7.7 mg cm-2 . The electrode 
increases in thickness by ~20 µm. 
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  For cells where full shutdown does not occur, the melted PE microspheres only 
partially infiltrate the anode, leaving some ion-conductivity remaining (Figure 2.8a). For 
cells with high PE microsphere coverages (ρ ˃ 20 mg cm-2), an excess of molten PE 
exists forms a dense film ca. 20 µm thick on the surface of the anode (Figure 2.8b). In 
this case, some transfer of molten PE occurs onto the separator as well. However, the film 
on the separator is thin (ca. 4 µm) compared to the anode.  
 
 
Figure 2.8: Scanning electron microscopy images of 
anode cross sections. (a) Cycled anode cross section after 
shutdown at 110 °C. (ρ = 2.2 mg cm-2).  (b) Cycled anode 






	  2.8 Conclusions 
Autonomic shutdown of a Li-ion battery was demonstrated using polymer 
microspheres that melt upon heating and form a barrier to Li-ion conduction. Both PE (ca. 
4 µm) and paraffin microspheres (42 µm) spin-coated onto graphite anodes at 
concentrations of 7.4 mg cm-2 (PE) and 2.9 mg cm-2 (paraffin) reduced specific charge 
capacity in Li-ion coin cell batteries by more than 98% when heated to 110 °C (PE) or 
65 °C (paraffin). PE microspheres coated onto a commercial trilayer separator at a 
concentration of 13.7 mg cm-2 also demonstrated autonomic shutdown at 110 °C. 
Electron microscopy of anodes after shutdown revealed evidence of in situ formation of a 
conformal PE film and PE infiltration of the anode surface. Since the melt transition 
temperature of the encapsulated polymer dictates the triggering temperature of cell 
shutdown, this highly-customizable mechanism should be applicable to a wide variety of 
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Enhanced Autonomic Shutdown of Li-ion Batteries 
by Polydopamine Coated Polyethylene Microspheres 
 
 
This Chapter describes autonomic shutdown with an enhanced coating 
technique that allows for a reduction in the amount of PE microspheres required for 
shutdown. Previously, while autonomic shutdown was achieved, electrode coatings 
were difficult to control, non-uniform in coverage, and required excess PE 
microspheres to achieve consistent performance. Pure PE is a hydrophobic material, 
and as a result, PE microspheres do not disperse well in a hydrophillic electrode 
coating solution. Here, we show that the formation of polydopamine (PDA) on the 
surface of PE microspheres enhances dispersion of the microspheres in the coating 
solution and reduces the amount of surface coverage required to achieve autonomic 
shutdown. Specific capacity loss and impedance rise are again used as metrics to 
demonstrate that autonomic shutdown has occurred. 
 
3.1 Introduction 
Previously, we have shown that thermoresponsive microspheres can be 
incorporated into Li-ion batteries to achieve autonomic shutdown at a designated 
temperature.1 Low density polyethylene (PE) microspheres were deposited onto a 
graphitic anode surface and incorporated into a Li-ion coin cell. Room temperature 
cycling data at 1 C was identical for cells with or without microspheres. Cells 
containing microsphere-coated anodes were triggered for autonomic shutdown by 
complete immersion in silicon oil at 110 °C while cycling. Full shutdown (defined as 
>98 % loss of initial capacity) was achieved in cells containing PE microsphere 
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coverages greater than 7.4 mg cm-2. Impedance was measured for cells before and 
after autonomic shutdown, and was found to increase several orders of magnitude 
after shutdown. While autonomic shutdown was achieved, electrode coatings were 
difficult to control, non-uniform in coverage, and required excess PE microspheres to 
achieve consistent performance.  
Pure PE is a hydrophobic material, and as a result, PE microspheres do not 
disperse well in a n-methyl-2-pyrollidone (NMP)-based binder solution. Due to the 
poor affinity of PE to NMP solvent, the microspheres agglomerate in solution, 
producing a non-uniform coating on a battery electrode.  
The surface of PE can be rendered hydrophilic without altering the bulk 
properties of the polymer. One approach to achieving a hydrophilic surface 
functionalization is by polymerizing dopamine on PE. As demonstrated Ryou et al., 
the contact angle of water on an untreated polyethylene surface decreases from 108° 
to 39° degrees once the surface is treated with PDA.2 In this work, we show that the 
formation of PDA on the surface of PE microspheres enhances dispersion of the 
microspheres in the coating solution. Improved dispersion leads to a more uniform 
coating of PE microspheres on the battery electrode, which in turn significantly 
reduces the amount of surface coverage required to achieve autonomic shutdown.  
 
3.2 Polydopamine Coating of Polyethylene Microspheres 
 PE microspheres were prepared as described previously.1 PDA coating was 
achieved using a procedure adapted from Ryou et al.2  Two grams of neat, dried PE 
microspheres were dispersed in the dopamine (10 mM) coating solution consisting of 
methanol and Tris buffer solution (pH 8.5) as co-solvents in a 1:1 ratio. The solution 
was sonicated using a tapered 3.2 mm tip of a 750 W ultrasonic homogenizer (Cole 
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Parmer) for 2 min (pulsing at 2 s on, 0.2 s off) to improve dispersion of the 
microspheres in solution. The microspheres were allowed to react for 24 h under 
constant stirring conditions, followed by centrifuging and rinsing with DI water. 
Residual water was removed using a vaccuum filter followed by air drying. Scanning 
Electron Microscope (SEM) images of the microspheres before and after coating are 
shown in Figure 3.1a,b. The surface morphology of the polydopamine coated 
microspheres is significantly rougher compared to uncoated PE. 
After drying, microspheres were examined using FTIR and Raman 
spectroscopy. The FTIR spectrum for both neat and PDA-coated microspheres are 
shown in Figure 3.1c. The FTIR spectra obtained for neat PE microspheres is in good 
agreement with other low density polyethylene (LDPE) spectra obtained from 
literature.3 For the PDA-coated PE microspheres, two new peaks were detected and 
are consistent with those observed by Ryou et al., who modified a PE separator with 
PDA.2 The peak in the 1600-1650 region cm-1 is likely from the C-H out-of-plane 
bending of the benzenoid aromatic ring, while the band in the 3300 cm-1  region likely 
corresponds to the stretching vibration of free –OH, -NH2, and C-H groups.2 The 
Raman spectra for both neat PE microspheres and PDA-coated microspheres is shown 
in Figure 3.1d. The Raman spectra clearly shows PDA on the sphere surface, as 
indicated by the peak centered between the 1550 and 1600 cm-1 wave numbers, 








Figure 3.1: Surface characterization of microspheres. (a) SEM image of uncoated PE 
microspheres. (b) SEM image of PDA-coated microspheres. (c) FTIR spectra of 
PDA-coated microspheres (red) and neat PE microspheres (black). Two new peaks 
emerge after PDA coating at 1600-1650 cm-1 and 300-3500 cm-1 consistent with 
bending and vibration signatures for PDA.2 (d) Raman spectra for PDA-coated 
microspheres (red) and neat PE (black). A new broad peak at 1550 cm-1 emerges after 
coating consistent with stretching and vibration of aromatic rings.4 
 
3.3 Coating of Microspheres onto Graphite Anodes 
 We first investigated the dispersability of PDA-coated microspheres in NMP. 
Solutions of both neat PE microspheres (0.1 g) and PDA-coated PE microspheres (0.1 
g) in poly(vinylidene fluoride) (PVDF) (0.01g) and NMP solvent (1 g) were prepared 
and examined by optical microscopy. Both neat PE microspheres (Figure 3.2a) as well 
as PDA-coated microspheres (Figure 3.2b) agglomerated in NMP, even after 
sonication. Low concentrations of Span 80 and Tween 20 surfactants (2.5 wt% in 
NMP) were also added to the PVDF:NMP solution in an attempt to improve 
dispersion quality with no success. Despite the PDA coating, the NMP solvent was 
not hydrophilic enough to yield an improvement in dispersion. The quality of the 
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dispersion improved significantly when the PDA-coated microspheres (0.1 g) were 
dispersed in an aqueous binder solution comprised of 0.01 g carboxymethyl cellulose 
(CMC) and water (1 g) and 4 drops of a 2.5 wt% aqueous solution of Tween 20 
(Figure 3.2d). In contrast, mixing of neat PE microspheres in this aqueous binder 
solution resulted in significant agglomeration of microspheres and poor dispersion 
(Figure 3.2c).  
Mesocarbon Microbead (MCMB) commercial battery anodes were coated with 
the solutions from Figure 3.2a (neat PE microspheres) and Figure 3.2d (PDA-coated 
microspheres) using a doctorblade technique. As expected, the poorly-dispersed 
solution containing uncoated PE microspheres resulted in PE microsphere 
agglomeration on the anode surface, as shown in Figure 3.2e. In contrast, the coating 
prepared from the solution of PDA-coated microspheres shows nearly complete 
uniformity of coverage and very little evidence of agglomeration (Figure 3.2f).  
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Figure 3.2: Comparison of dispersion and coating uniformity of uncoated (left 
column) and PDA-coated (right column) PE microspheres in solution and on a battery 
electrode. (a) 10 wt% uncoated PE microspheres in PVDF:NMP. (b) 10 wt% PDA-
coated PE microspheres in PVDF:NMP. (c) 10 wt% uncoated PE microspheres in 
CMC:H2O. (d) 10 wt% PDA-coated microspheres in CMC:H2O. (e) MCMB anode 
with PE microspheres applied from solution in (a). (f) MCMB anode with PDA-
coated microspheres applied from solution in (d). 
 
3.4 Battery Cycling and Autonomic Shutdown Testing 
Coated anodes were incorporated into 2032-type coin cell batteries in an 
Argon-filled glovebox. Li(Ni1/3 Co1/3 Mn1/3)O2 (Li333) and Gen 2 electrolyte (1.2 M 
LiFP6 EC:EMC) were used as the cathode and electrolyte materials, respectively. Cell 
capacity (at 1 C) was measured both at room temperature (25 ºC), and while the cell 
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was immersed in hot silicone oil (110 ºC) to activate the thermal shutdown 
mechanism. A summary of these cycling results in shown in Figure 3.3a. 
 
	  
Figure 3.3: Capacity loss and impedance rise are used as autonomic shutdown 
metrics. The dashed line indicates the coverage of PDA-coated microspheres at which 
95 % loss of capacity is achieved after thermal exposure. (a) Capacity data for coin 
cells containing neat and PDA-coated PE microspheres cycled at room temperature 
and at 110 oC. (b) Impedance data for coin cells containing anodes with various PDA-
coated PE microsphere coverages before and after autonomic shutdown. 
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Additionally, coin cells containing a commercial separator film were prepared, 
heated to 135 °C to thermally activate the separator, and the remaining capacity after 
shutdown was measured at room temperature. On average, approximately 5% of the 
initial (room temperature) capacity remains after shutdown. Similarly, we define 
autonomic shutdown in coin cells containing PDA-coated PE spheres when 95 % loss 
of capacity is achieved after thermal exposure (see demarcation lines overlaid on 
Figure 3.3a). Autonomic shutdown at 110 °C is achieved for coverages ca. 1.7 mg 
cm-2 and above for coin cells with PDA-coated microspheres. This represents a 
reduction of 67 % compared to the required coverage for coin cells using neat PE 
microspheres (ca. 5.1 mg cm-2). No significant room temperature capacity loss is 
observed at a 1 C cycling rate for coin cells containing anodes with PDA-coated PE 
microspheres.  
Impedance was measured for coin cells with various coverages of PDA-coated 
PE microspheres both before and after autonomic shutdown (Figure 3.3b) over a 
frequency range of 0.05 Hz to 100 kHz (CH Instruments Model 660 Electrochemical 
Workstation). At room temperature, no significant increase in impedance is observed 
as a result of increasing microsphere coverage. However, after cycling at 110 °C and 
initiating autonomic shutdown, impedance increases rapidly above 1.8 mg cm-2 and 
begins to level off after the critical coverage for shutdown. 
 
3.5 Microcapsule Effect on Long-term Battery Performance 
 To investigate the effect of the presence of PE microspheres on Li-ion battery 
performance, cells were prepared with anodes containing varying coverage of PDA-
coated PE microspheres and cycled to a rate of C/10 for 100 cycles (Figure 3.4). 
Allowing for some variation in the specific capacity of each cell, it was observed that 
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specific capacity of the control cell (no PE microspheres), and cells with coverages of 
2.76 and 4.03  mg cm-2 were quite stable for 100 cycles. From Figure 3.3, the 
minimum amount of PDA-coated PE needed for coverage is 1.6 mg cm-2, and stable 
long term cycling capacity is demonstrated up to at least a coverage of 4.03 mg cm-2. 
 
	  
Figure 3.4: Long term cycling of coin cells containing anodes coated with varying 
coverages of polydopamine-coated PE microspheres. 
 
3.6 Conclusion 
PE microspheres were coated with PDA to improve dispersion of the 
microspheres in an aqueous binder solution and enable uniform dispersion onto 
MCMB battery anodes. Autonomic shutdown of Li-ion coin cells was demonstrated 
by submerging the cells in silicone oil held at 110 °C. Using both capacity loss and 
impedance rise, it was demonstrated that using PDA-coated PE microspheres reduces 
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Experimental Assessment of Particle-based Separators 
for Autonomous Shutdown of Lithium-ion Batteries 
 
 
One of the most critically important cell components to ensure Li-ion battery safety is 
the separator, a thin, porous membrane that physically separates the anode and cathode. 
In this Chapter, a novel, particle-based Li-ion battery separator, comprised of hollow 
glass microspheres and PE microspheres, is described. The battery anode is coated with 
hollow glass spheres which function as physical spacers between battery electrodes. 
Thermoresponsive PE microspheres previously shown to be capable of performing 
thermally-triggered shutdown are nestled in the interstitial spaces.  This particle-based 
separator approach aims to reduce the shorting hazard posed by currently used 
commercial film separators. 
 
4.1  Introduction 
As the use of Lithium-ion batteries becomes increasingly widespread, safety and 
reliability of these cells is of paramount importance. One of the most critically important 
cell components to ensure safety is the separator, a thin, porous membrane that physically 
separates the anode and cathode. The challenge in designing safe battery separators is the 
trade-off between mechanical robustness and transport properties. Further, separators 
must be abuse tolerant, stable at >4 V vs. Li. , and chemically inert to other battery 
materials.1 
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Separators for liquid electrolyte Li-ion batteries can be classified into porous 
polymeric membranes, nonwoven mats, and composite separators.2,3 Porous membranes, 
which typically consist of single or multilayer polymer sheets made of polyolefins, such 
as polyethylene (PE) or polypropylene (PP), are the most commonly used due to low 
processing cost and good mechanical properties.2 Polyethylene terephthalate (PET) or 
poly(vinylidene fluoride) (PDVF) have also been used in commercial separators, but are 
far less common.1 Non-woven mats have limited applications in Li-ion batteries due to 
their inherently large pore sizes.2 Ceramic composite separators4–8 have also been 
prepared but are also less common then their lower-melting counterparts. 
Multilayer separators, such as poly(ethylene)(PE)-polypropylene(PP) bilayer or a PP-
PE-PP trilayer structures, are designed with a shutdown feature. Above a critical 
temperature, the porous PE layer softens, collapsing the film pores and preventing ionic 
conduction, while the PP layer provides mechanical support.9 However, under overcharge 
conditions, or in high-voltage cells (ca 20 V), a cell will continue to draw current even 
after shutdown leading to an internal short circuit and thermal runaway.1 Additionally, 
when the internal cell temperature rises to the softening temperature of the separator, the 
separator can shrink due to residual stresses and differences in crystallinity of constituent 
materials.3 If the cell temperature continues to increase post-shutdown as a result of 
thermal inertia, the separator can fail, exposing the electrodes to internal shorting.10  
An alternative, particle-based separator capable of performing autonomic shutdown 
but which reduces the shorting hazard is proposed. The battery anode is coated with 
hollow glass spheres which function as physical spacers between battery electrodes. 
Interstitial spaces between the glass spheres are filled with thermoresponsive 
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microspheres previously shown to be capable of performing thermally-triggered 
shutdown. This concept is schematically shown in Figure 4.1.  
 
 
Figure 4.1: Schematic representation of particle-based shutdown separator. The separator 
consists of glass microspheres, which serve as the physical spacers between the battery 
electrodes, and PE microspheres, which fill the interstitial regions between the glass 
microspheres and perform autonomic shutdown when needed. 
The proposed particle-based separator offers significant advantages over current 
shutdown separator technology. First, conduction is blocked by in situ formation of a 
conformal polymer film on the electrode surface, eliminating the need for a continuous 
film. Secondly, reducing the spacer sphere diameter may allow for a reduction of spacing 
between battery electrodes, decreasing the amount of electrolyte needed for cell operation.  
 
4.2  Anode functionalization 
Dopamine-coated microspheres were prepared as described previously.11,12 A coating 
solution was prepared using various ratios of PE microspheres:glass microspheres in a 
1.15 wt% aqueous solution of carboxymethyl cellulose (CMC). MCMB (Mesocarbon 
Microbead) carbon-based electrodes were functionalized with the coating solution using a 
doctor-blade technique. After coating, anodes were dried overnight. Once thoroughly dry, 
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½” disks of coated anode material were removed from the bulk anode using a round-hole 
punch. Prior to incorporation in coin cell type Li-ion batteries, coated anodes were 
weighed and the mass recorded in order to calculate a surface coverage. 
 
4.3 Cycling Performance and Thermal Testing 
The shutdown performance of coin cells containing coated anodes was assessed 
using CR2032 coin cell type Li-ion cells. A formation cycle was first performed at a C/10 
rate from 3 to 4.2 V vs. Li at room temperature (25 °C). Cell were then cycled at 1 C to 
investigate cell capacity at room temperature testing is shown in Figure 4.2. Coin cell 
capacity is not significantly affected by the presence of the particle-based separator 
coating at 1 C, although it may be affected at higher cycling rates.  
 
Figure 4.2: Specific charge capacity of cells 





4.4 Autonomic Shutdown Results 
Coin cells containing anodes coated with PE microcapsules were then heated to 
115 °C by immersion in heated silicone oil (1 L) during cell cycling. Three potential 
outcomes were observed, as shown in Figure 4.3. Cells with a high loading of glass 
microspheres, but lacking shutdown-inducing PE microspheres would cycle successfully 
but not shut down due to an insufficient amount of PE (blue circles). Cells with an 
insufficient amount of both glass and PE microspheres simply shorted when immersed in 
hot Si oil (red circles). Cells with adequate coverage of glass microspheres to prevent 
physical contact and enough PE microspheres to perform autonomic shutdown when 
overheated are represented by the green circles. 
 
Figure 4.3: Specific charge capacity of cells 
containing particle-based shutdown separators at 
room temperature. 
 
Table 4.1 compares the properties of a particle-based shutdown separator (lowest 
coverage that still achieves shutdown, i.e, ρglass = 0.38 mg cm-2, ρPE =  1.93 mg cm-2) and 
a commercial Celgard separator film. The particle-based shutdown separator has an order 
of magnitude lower starting impedance compared to the commercial film, however, after 
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thermal activation, the Celgard separator impedance increases by two orders of 
magnitude, compared to one order of magnitude by the particle-based separator. 
Table 4.1: Comparison of properties and performance of cells with a particle-based separator 






























Celgard 2325 2.2 1.5 25 159 ± 51 14,748 ± 4,318 
 
 
A representative anode coated with glass microspheres (ρ = 0.73 mg cm-2) and PE 
microspheres (ρ = 6.6 mg cm-2 ) is shown in Figure 4.4a. The microspheres appear 
uniformly distributed, with glass microspheres interspersed. After heating at 115 °C, the 
PE microspheres melt completely, while the glass microspheres remain intact (Figure 
4.4b). 
 
Figure 4.4. SEM imaging of representative anode coated with glass and PE microspheres. 
(a) Before autonomic shutdown, (b) After autonomic shutdown at 115 °C. 
 
 
4.5  Conclusions 
 A particle-based shutdown separator consisting of hollow glass microspheres and 
solid, polydopamine-coated PE microspheres was applied to a battery anode and shown 
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to have comparable functionality to commercial film separators without the 
aforementioned shrinkage observed in commercial separators. At room temperature, the 
particle-based separator does not impede normal cell cycling, however, when thermally 
activated at 115 °C, PE microspheres trigger (melt) and infiltrate the porous graphitic 
anode. The glass microspheres remain intact, preventing cell shorting. It was found that 
the PE and glass microsphere critical coverage for successful room temperature cycling 
and autonomic shutdown at elevated temperatures is ρ = 1.93 mg cm-2  and ρ = 0.39 mg 
cm-2 , respectively. Post-shutdown, cells were disassembled and a presence of a 
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Electropolymerization of Microencapsulated  
3-hexylthiophene 
 
In this Chapter, the microencapsulation of the conductive polymer precursor and 
battery additive, 3-hexylthiophene (3-HT), in ca. 5 and 178 µm polyamide microcapsules 
is described. 3-HT has been shown to be a life-extending battery additive, however, as 
with most Li-ion additives, a concentration in the electrolyte above a few wt% can lead to 
battery performance degradation.1 Here, the shell wall insulates the 3-HT monomer core 
from electropolymerization until the microcapsule is mechanically ruptured, locally 
releasing the monomer core. The released 3-HT monomer is polymerized to form poly(3-
HT) films on model battery electrodes during cyclic voltammetry. 
 
5.1 Introduction 
The use of electrolyte additives such as electrode stabilizers,2–4 electrolyte 
stabilizers,5 and flame retardants6–8 lead to significant improvements in battery 
performance and safety. However, in many cases additives degrade secondary properties 
such as ionic conductivity of the electrolyte, cell impedance, or electrode irreversibility, 
particularly if the amount of additive in the electrolyte is more than 5 % by weight or 
volume.9,10 Thiophene derivatives (e.g. 3-HT) have garnered attention recently as a life-
extending additive for Li-ion batteries.11,12 The 3-HT monomer forms a conductive 
polymer upon oxidation, and the polymer has been shown to improve performance in Li-
ion half cells with both high-capacity and high-voltage cathodes.12 Although some 
thiophene derivatives form beneficial conductive membranes on a cathode surface, their 
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prolonged presence in the battery electrolyte leads to a degradation of Li-ion battery 
performance.10 
Microencapsulation is an effective strategy for sequestering a reactive core 
material from the environment and provides an alternative approach to the direct 
incorporation of battery additives into the electrolyte. Timed or triggered release of 
battery additives from a microcapsule13 has the potential to the deliver proper dosage of 
the additive over the lifespan of the cell, whereas direct addition into the electrolyte 
results in full consumption of the additive within the first few cycles14 or a harmful 
excess leading to decreased electrode performance.11,15 For example, the additive 
vinylene carbonate (VC)2,16 forms a stable, solid electrolyte interphase (SEI) layer on the 
anode surface during the first few cycles, but any excess VC in the electrolyte 
decomposes at the cathode during elevated temperature storage.17–19 
Triggered release of battery additives may prove to be a more effective approach 
to battery design. Active particles in LiCoO2,20,21 LiMn2O4,22–24 and LiFePO4 25 cathodes 
may crack after prolonged cycling and subsequently reduce cathode conductivity.  
Previous attempts to alleviate this problem involve doping battery electrodes with 
conductive polymer particles.26,27 The incorporation of microcapsules containing 3-HT 
monomer into battery cathodes would enable localized (site specific) core delivery to 
cracked cathode particles triggered via mechanical rupture of the capsule shell wall.  
 
5.2 Microcapsule Preparation and Characterization 
 Table 5.1 summarizes various microencapsulation techniques used in an attempt 
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Polyamide microcapsules containing 3-HT monomer were prepared by interfacial 
polymerization of terephthaloyl chloride and diethylenetriamine (DETA) following the 
encapsulation procedure shown in Figure 5.1, as modified from the scheme described by 
Mathiowitz et al.28  and Pastine et al.29 A surfactant solution of ethylene maleic 
anhydride (EMA) and water was first prepared and homogenized at 4000 rpm. The 
homogenizer speed was then increased to 8000 rpm and the core solution consisting of 
terephthaloyl chloride powder and 3-HT was emulsified for 3 min in the surfactant 
solution. A solution of DETA in H2O was then added to the emulsion initiating a reaction 
with terephthaloyl chloride and resulting in polymeric wall formation around the 3-HT 
core droplets.  
 
Figure 5.1: Microencapsulation procedures for polyamide microcapsules containing 3-
hexylthiophene. (a) Procedure for ca. 5 µm capsules, (b) Procedure for ca. 178 µm 
capsules. 
 
Membrane formation around the oil droplets was nearly instantaneous, but the 
microcapsules were left undisturbed for 24 hours to complete the polymerization and 
ensure that solid-walled and impermeable microcapsules were obtained. The 
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microcapsules were then centrifuged to remove excess surfactant and freeze dried for 
24 h to produce robust, liquid-filled microcapsules. Microcapsules produced by this 
procedure have an average diameter of 5 µm and a bi-modal distribution as shown in 
Figure 5.2a. The microcapsules have a smooth outer shell wall and are free flowing, as 
revealed by optical microscopy (Figure 5.2c). Key changes in this encapsulation 
procedure from that described in prior literature are the use of EMA surfactant and the 
addition of NH4Cl to better stabilize the emulsion and enable formation of small diameter 
microcapsules suitable for Li-ion battery applications. 
Larger microcapsules were also prepared following the modified procedure in 
Figure 5.1b.  The resulting microcapsules have an average diameter of 178 µm, as shown 
in Figure 5.2b. Their shell wall morphology is significantly rougher than the smaller, 5 




Figure 5.2. Characterization of polyamide microcapsules containing 3-HT monomer. (a) 
Size distribution of homogenized microcapsules prepared according to Fig 1a. The 
dashed line indicates the average microcapsule diameter. (b) Size distribution of 
homogenized microcapsules prepared according to Fig 5.1b. The dashed line indicates 
the average microcapsule diameter. (c) Optical image of small 3-HT microcapsules in 
water and (inset) SEM image showing smooth surface morphology. (d) Optical image of 
large 3-HT microcapsules in water and (inset) SEM image showing rough surface 
morphology.  
 
 Microcapsules designed for Li-ion battery applications must remain stable at 
temperatures of approximately 60 °C, the upper end operating temperature of a Li-ion 
battery cell.30,31 Thermal gravimetric analysis (TGA) was used to examine the thermal 
stability of ca. 5 µm dried 3-HT microcapsules. As shown in Figure 5.3, the 
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microcapsules remain stable to approximately 300 °C, at which point the polyamide shell 
wall degrades. The sharp drop in mass loss upon shell wall rupture in the TGA trace is 
consistent with literature results for other polyamide microcapsules.32 
 
Figure 5.3: TGA trace of small (ca. 5 µm diameter) polyamide microcapsules containing 
3-HT.  
 
 Stability of microcapsules to electrolyte exposure was investigated by 1H nuclear 
magnetic resonance (NMR) spectroscopy. Rinsed, freeze dried microcapsules (5 wt%) 
were added to a commercial electrolyte of 0.1 M LiClO4 1:3 ethylene carbonate (EC): 
dimethyl carbonate (DMC). Microcapsules were stored in a sealed vial of electrolyte for 
4 weeks in an Argon-filled glove box. After 4 weeks, the mixture was centrifuged to 
isolate microcapsules from the electrolyte, and an aliquot of electrolyte was dissolved in 
deuterated chloroform for 1H NMR analysis. Compared to the spectra of neat 3-HT 
monomer and of the neat electrolyte, no monomer was observed in the electrolyte 
solution, indicating that the core material did not diffuse through the microcapsule shell 
wall (Figure 5.4).  
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Figure 5.4. 1H NMR spectra (in CDCl3) of (a) neat 3-HT monomer, (b) neat electrolyte, 
(c) a reference sample consisting of 5 wt% 3-HT added into electrolyte, and (d) 
electrolyte solution isolated from 3-HT microcapsule/electrolyte sample. The peak 
marked with (*) is residual CHCl3 in CDCl3. 
 
5.3  Electropolymerization of 3-hexylthiophene 
The in situ electropolymerization of 3-HT monomer released from microcapsules 
was characterized through cyclic voltammetry of model battery electrodes. Cyclic 
voltammograms were recorded at 10 mV s-1 over a 2-5 V vs. Li voltage window using an 
Al foil working electrode and Li metal counter and reference electrodes immersed in 
electrolyte. A slurry containing 5 wt% 3-HT monomer filled microcapsules in water was 
applied to a 1 mm x 2 cm strip of cleaned battery-grade Al foil followed by drying in air 
overnight.  
As controls, we performed cyclic voltammetry on neat electrolyte and on 1.5 wt% 
3-HT monomer added directly to the electrolyte. The first cycle of the cyclic 
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voltammogram trace for each sample was selected for analysis and compared in Figure 
5.5. The voltammetry sweep on the neat electrolyte shows no voltage peaks indicating 
that the electrolyte is electrochemically stable and inert within the 2-5 V vs. Li voltage 
window. Oxidative electropolymerization of 1.5 wt% 3-HT monomer is apparent at 
approximately 4.5 V vs. Li in the voltammetry sweep of 1.5% 3-HT monomer added 
directly to the electrolyte. The electropolymerization of 3-HT is not reversible as 
evidenced by the lack of a peak on the cathodic scan (reverse trace) from 5 V to 2 V vs. 
Li.  
Al foil samples coated with 178 µm microcapsules containing 3-HT were first 
tested to verify that the monomer was electrochemically isolated from the polymerizing 
voltage. No polymerization peak was present in the initial voltammetry trace, confirming 
the effectiveness of the capsules in achieving electrical insulation. Samples were then 
removed from electrolyte and pressed between two glass slides to visibly rupture the 
microcapsules and release the core 3-HT monomer. Cyclic voltammetry was repeated and 
a new current peak appears at a voltage of 4.6 V vs. Li, slightly above the polymerization 
voltage of 3-HT, indicative of polymer formation. This slight overpotential is likely due 
to the presence of insulating polymer microcapsule shell wall fragments. Al foil samples 
coated with 5 µm microcapsules containing 3-HT were tested using a similar procedure, 
although a cryofracture technique was used to embrittle the shell wall and aid in 
mechanical crushing.  
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Figure 5.5: First cycle of cyclic voltammetry traces for model electrodes. (a) Samples 
containing large (178 µm) 3-HT microcapsules and controls. (b) Samples containing 
small (5 µm) 3-HT microcapsules and controls. Note: Neat electrolyte signifies 
electrodes with LiClO4 EC:DMC electrolyte only (no microcapsules). Reference sample 
indicates 1.5 wt% 3-HT added to electrolyte directly (no microcapsules). 
 
5.4  Polymer characterization 
The electropolymerized poly(3-HT) films were rinsed with methanol and then 
examined using scanning electron microscopy (SEM), energy-dispersive X-ray 
spectroscopy (EDAX), and Raman spectroscopy. SEM imaging reveals a thin film 
covering the surface of broken microcapsules (Figure 5.6a). EDAX on the thin film 
shows a distinct sulfur peak, which is attributed to poly(3-HT) (Figure 5.6b). The poly(3-





Figure 5.6: SEM and EDAX characterization of the electropolymerized poly(3-HT) film 
from 5 µm microcapsules. (a) SEM image of polymer film that forms after 
electropolymerization of 3-HT monomer released from ruptured microcapsules. (b) 
EDAX spectrum indicating presence of sulfur in the polymer film. 
 
These polymer films were also analyzed by Raman spectroscopy (Figure 5.7) to 
verify the existence of poly(3-HT) as opposed to residual monomer. The Raman 
spectrum displays a band of intensity from 1300-1500 cm-1 as well as several secondary 
peaks (750 cm-1, 1000 cm-1, 1090 cm-1, 1200 cm-1) that are indicative of poly(3-HT). 
These peaks correspond to the various stretching and bending vibrational modes found 
only in poly(3-HT) and not 3-HT monomer.33 To confirm, we collected Raman spectra of 
both neat 3-HT monomer as well as a reference sample of 1.5 wt% 3-HT monomer added 
directly to the electrolyte and polymerized by CV from 2-5 V. Distinct absorbance peaks 
at 940 cm-1 and 1500 cm-1 for the 3-HT monomer are absent in both the reference and 
ruptured capsules samples. As a further control, a Raman spectrum of the neat electrolyte 
was also collected (red curve), to provide confirmation that the methanol rinsing and 
drying steps removed the electrolyte in the sample preparation process. 
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Figure 5.7: Raman spectra of poly(3-HT) film formed by electropolymerization by CV of 
3-HT monomer released from microcapsules together with controls. (a) Microcapsule 
sample, (b) reference sample of 1.5 wt% 3-HT monomer added directly to electrolyte, (c) 
neat 3-HT monomer, and (d) neat electrolyte. 
 
 
5.5  Conclusions 
3-hexylthiophene, a Li-ion battery additive known to improve high-voltage 
cathode performance, was successfully encapsulated in polymeric microcapsules. The 
microcapsules electrically insulate the monomer until the microcapsules are ruptured. 
Once the microcapsules release their payload, the monomer is electrically polymerized to 
form a thin poly(3-HT) film. The microcapsules are stable to 300 °C, compatible with 
LiClO4 EC:DMC electrolyte, and mechanically robust, allowing them to be coated on an 
electrode surface or potentially incorporated into an electrode slurry. SEM images 
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confirm the formation of a thin film in the vicinity of ruptured microcapsules, which was 
characterized as poly(3-HT) by Raman spectroscopy. 	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Microencapsulation of Tris(2-chloroethyl phosphate) 
Flame Retardant 
 
This Chapter describes the successful microencapsulation of a known flame 
retardant, Tris(2-chloroethyl phosphate) (TCP), in ca. 40 µm and 140 µm core-shell 
Urea-Formaldehyde (UF) prepolymer microcapsules by in situ polymerization. These 
microcapsules are thermally stable at room temperature, and electrochemically stable in 
Li-ion battery electrolytes. Thermal triggering of these microcapsules in electrolyte 
releases the liquid core and NMR spectroscopy is used to confirm the presence of the 
flame retardant in solution. Scanning electron microscopy is used to examine the 
morphology of the microcapsules. Pouch cell experiments show that encapsulation of 
battery additives such as TCP in microcapsules that remain latent and stable in the 
electrolyte leads to enhanced battery performance.  
 
6.1  Introduction 
Lithium-ion batteries are widely used in consumer electronics, such as cell phones 
and laptops. However, safety concerns have been an obstacle for the development of 
large-scale Li-ion batteries and high-power battery modules, such as those required for 
electric vehicle applications.1–3 Many of the safety hazards arise from chemical reactions 
between electrode materials and electrolyte constituents at elevated temperatures. These 
reactions are highly exothermic, and the generated heat can accelerate reactions, causing 
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catastrophic thermal runaway.2,4–7 Consequently, the cell vents violently and flammable 
electrolyte solvents can be ignited to combust.  
To improve the safety of Li-ion batteries, much research has been focused on the 
development of nonflammable electrolytes, either those that are inherently 
nonflammable, or those that inhibit chemical reactions to prevent a fire.1,8–12 Many flame 
retardant species contain phosphorus compounds,13,14 which are efficient radical 
scavengers and flame quenching materials. Combustion processes are exothermic, free-
radical reactions, and the existence of radical stabilizers impedes combustion by 
quenching the mechanism.15 Other types of fire retardants include nitrogen-containing 
compounds that release inert gaseous by-products (such as CO2, SO3, or N2) to form a 
highly porous char that provides thermal insulation and prevents the combustion from 
spreading.16,17 Most flame retardant additives for lithium batteries are integrated into the 
electrolyte. However, it has been found that most flame retardants included directly in the 
battery electrolyte significantly compromise battery performance, such as cycling 
capacity,4,8,12,13,18 or ionic conductivity,1,19  at the loadings required to reduce 
flammability. 
To avoid sacrificing battery performance while retaining nonflammability, we 
propose the use of core-shell microcapsules for sequestering flame retardants (Figure 6.1) 
and improving the safety of various flammable products.  
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Figure 6.1: Schematic of microencapsulated flame retardants. Microcapsules do not 
interfere with normal battery operation, however, are thermally triggered to release their 
core contents above a given trigger temperature. 
 
There are a number of advantages to microencapsulating flame retardants. First, 
core-shell microcapsules can compartmentalize these often highly-toxic flame retardants 
and prevent flame-retarding chemicals from outgassing over time. Secondly, by 
compartmentalizing liquid flame retardants for Lithium-ion batteries in polymeric, 
chemically inert microcapsules, we expect to be able to incorporate the required loading 
of flame retardant in the battery electrolyte without having to add it directly to the 
electrolyte and negatively affect battery performance. Thirdly, the microcapsules are 
thermally-triggerable, enabling on-demand release at elevated temperatures; however, the 
microcapsules do not affect battery performance at regular operation temperatures. 
Another feature of this approach is that the rupture and release temperatures depend on 
the microcapsule shell wall composition, and can be tailored to trigger at a variety of 
temperatures. This is a key feature since the failure (vent) temperature of a battery cell 
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depends highly on the chemistry of the active materials, battery packaging, and cell 
geometry. Another benefit of microencapsulating flame retardants is that a broader 
spectrum of flame retardants (not only electrolyte-compatible ones) can now be used for 
improving Li-ion battery safety since the compound is sequestered in an inert 
microcapsule. 
Although encapsulation via infusion of flame retardant into a spherical porous 
matrix with the goal of improving battery safety has been attempted in patent literature20, 
microcapsules with a core-shell morphology containing a single droplet of flame 
retardant material have not been described to date. In this work, we have encapsulated 
Tris(2-chloroethyl phosphate) (TCP), a commercial flame retardant used in plastics, 
foams, textiles, and most recently, in Li-ion batteries21, in a polymeric, core-shell 
microcapsule. The microcapsules are stable in electrolyte and begin to trigger at ca. 
200 °C, prior to the onset of thermal runaway (>200 °C, depending on cell chemistry).22 
 
6.2 Microcapsule Preparation and Characterization 
Table 6.1 summarizes the various microencapsulation techniques and parameters 
used in an effort to microencapsulate commercial flame retardants. The results of each 
encapsulation are described, as well as electrolyte stability (via mass % core) as measured 
by TGA. 
Microcapsules containing TCP were prepared by in situ polymerization of urea 
and formaldehyde following the encapsulation procedure shown in Figure 6.2, with slight 
modifications from the recipe described by Jin et al.23 Formalin (27.5 g, pH adjusted to 8 
with triethanolamine (TEA)) and urea (10.5 g) were first pre-reacted at 70 °C for 1 hour 
68























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































in a separate vessel. A surfactant solution of ethylene maleic anhydride (EMA) and water 
was prepared and mechanically agitated. The UF prepolymer solution (6.19 g) was added 
to the surfactant solution under mechanical agitation, followed by emulsification of the 
core material (5 mL). The reaction vessel was then set to heat to 35 °C. At 30 °C, the pH 
was adjusted to a value of 2.5 with formic acid.  When the reaction vessel reached 34 °C, 
4.16 mL of H2O was added, followed by addition of 2.05 mL of H2O every 15 minutes 
for 1 hour. The reaction was then allowed to proceed for 4 hours at 35 °C.  
 
Figure 6.2: Microencapsulation procedure for urea-formaldehyde (UF) prepolymer 
microcapsules containing TCP. 
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After completion, microcapsules were centrifuged in water to remove excess 
surfactant and filter dried in air.  Microcapsules produced using this procedure have an 
average diameter of 137 µm and 43 µm when prepared at 1500 rpm and 3000 rpm, 
respectively, as shown in Figure 6.3c,d. Microcapsules have a rough surface morphology, 
as shown in Figure 6.3a,b. The finger-like morphology emanating from the shell wall in 
the 3000 rpm microcapsules could be a result of excess UF prepolymer available during 
shell wall formation. 
 
Figure 6.3: Characterization of UF prepolymer microcapsules containing TCP. (a) SEM 
image of microcapsules prepared at 1500 rpm. Note the rough surface morphology. (b) 
SEM image of microcapsules prepared at 3000 rpm. Note the surface morphology. (c) 
Size distribution of microcapsules prepared according to Fig 5.1 at 1500 rpm. (d) Size 
distribution of microcapsules prepared according to Fig 5.1 at 3000 rpm. 
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6.3 Electrolyte Stability Studies 
 To maintain battery cycle life and ensure that the microcapsules do not degrade in 
battery electrolytes, or leak their core over time, the stability of UF prepolymer/TCP 
microcapsules was investigated by Thermogravimetric analysis (TGA) (Figure 6.4a,b). 
5 wt% suspensions of microcapsules in two standard battery electrolytes, LiClO4 
EC:DMC and LiPF6 EC:EMC, were prepared and microcapsules were soaked for 48 h 
and 1 week intervals. Both microcapsules prepared at 1500 rpm and 3000 rpm were 
tested for electrolyte stability. Microcapsules show very good stability, with minor 
variations in mass from sample to sample. Mass loss prior to 100 °C can be attributed to 
residual moisture trapped in the rough surface morphology of the microcapsules.  
 
Figure 6.4: TGA data for electrolyte stability UF prepolymer/TCP microcapsules. (a) 
1500 rpm microcapsules, (b) 3000 rpm microcapsules.  
 
 
6.4  Thermal Triggering 
 The ability of the microcapsules to thermally trigger was assessed by preparing 
suspensions of microcapsules in electrolyte and heating the suspensions in hot silicone oil 
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for 1 min. After heating, vials were allowed to cool. Phosphorus nuclear magnetic 
resonance (NMR) spectroscopy was used to identify and quantify the amount of core 
released from the microcapsules (Figure 6.5). First, a reference sample of 5 wt% TCP in 
LiClO4 EC:DMC was prepared to determine the maximum amount of TCP present in an 
NMR sample (trace 4). Next, an unheated suspension consisting of 5 wt% microcapsules 
in LiClO4 EC:DMC (trace 3) was examined by NMR to examine the sample for residual 
TCP that may have been on the shell wall from the microencapsulation process. Finally, 
two suspensions consisting of 5 wt% microcapsules in LiClO4 EC:DMC were prepared 
and heated to 200 °C (trace 2) and 236 °C (trace 1). Using Triphenyl Phosphate (TPP) 
(10 mg/mL in CDCl3) as an internal standard for Phosphorus-NMR, an amount of core 
released was calculated for each case and tabulated in Figure 6.4b. The reference case 
contained 5% TCP in the sample, therefore, the unheated, 200 °C, and 236 °C samples 
contained 7.8 %, 23.5 %, and 64.7 %, respectively, of the maximum amount of core 
possible. 
 
Figure 6.5: NMR studies of release of TCP from UF prepolymer microcapsules. 1) UF 
prepolymer-TCP microcapsules in LiClO4 EC:DMC electrolyte heated to 236 °C, 2) UF 
prepolymer-TCP microcapsules in LiClO4 EC:DMC electrolyte heated to 200 °C, 3) 
Unheated UF prepolymer-TCP microcapsules in LiClO4 EC:DMC electrolyte, 4) 
Reference samples of unheated 5 wt% TCP in LiClO4 EC:DMC electrolyte. 
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6.5 Effect of Microcapsules on Battery Performance 
 The cycling performance of coin cells containing TCP-filled microcapsules was 
assessed using pouch cell type Li-ion cells. Cells were first cycled at C/20 rate from 3 V 
to 4.2 V vs. Li at room temperature (25 °C) to perform the formation cycle, followed by 
50 cycles at 1 C to assess performance (Figure 6.6). It was observed that while there was 
some capacity fluctuation for the control cell and microcapsule-containing cells, cycling 
performance stabilized after approximately 25 cycles. However, for the cell containing 
neat TCP added directly into the electrolyte, capacity steadily declined. 
 
Figure 6.6: Effect of flame retardant (TCP) on pouch cell cycling performance at 1 C. 
 
In addition to cycling experiments, the effect of the neat flame retardant and 
microcapsules containing flame retardant was assessed through ionic conductivity 
measurements. As shown by Zhang et al., ionic conductivity often suffers at the expense 
of decreased flammability (Figure 6.7a). However, the sequestration of flame retardant in 
polymeric microcapsule is shown to be an effective method to include flame retardants in 
battery cells, without a detrimental effect on battery performance (Figure 6.7b). 
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Figure 6.7: Effect of neat and microencapsulated flame retardant on ionic conductivity of 
a Li-ion battery. (a) Figure reproduced from Zhang et al.1, (b) Effect of neat and 
microencapsulated TCP on LiClO4 EC:DMC electrolyte. 
 
6.6  Conclusions 
 A method to sequester a flame retardant battery additive in a manner that does not 
interfere with regular battery performance but allows on-demand release was developed. 
UF prepolymer microcapsules containing TCP flame retardant were prepared in two 
capsule diameters. Both microcapsules sizes are stable in two commercial electrolytes 
(LiClO4 EC:DMC and LiPF6 EC:EMC). Thermal triggering was investigated by 
dispersing microcapsules in battery electrolyte and simulating an overheating condition. 
It was found that by 236 °C, microcapsules released 65 % of their core. Finally, it was 
demonstrated that the presence of microcapsules does not significantly affect coin cell 
cycling at 1 C rate. Since the UF prepolymer microencapsulation produces robust and 
battery-stable microcapsules, it allows for a highly-customizable core delivery system 
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Summary & Future Directions 
 
7.1  Summary 
 With the popularity of Li-ion batteries steadily rising, and advanced applications 
demanding batteries with higher energy densities, Li-ion battery safety is of critical 
importance. Despite modern cell safeguards in place, Li-ion batteries are still at risk for 
thermal runaway with a low tolerance for abuse and a high degree of flammability. In this 
work, microencapsulation-based methods to improve Lithium-ion battery safety have 
been developed, an application not previously explored in either field. 
Microencapsulation has numerous advantages when applied to battery technology, 
including the ability to place safety-related components, such as thermoresponsive 
microspheres capable of performing autonomic shutdown or microencapsulated 
additives, precisely at the location at which they are needed, without affecting normal 
operation. However, introducing new components inside an electrochemical system is not 
without challenges, such as stability and size restrictions, and these issues have been 
addressed with each safety mechanism described in this work. 
 First, thermally-triggerable microspheres capable of performing autonomic 
shutdown were developed. These microspheres were prepared from polyethylene, a 
polymer already used in Lithium-ion batteries. These microspheres were coated onto a 
battery electrode and when thermally-triggered, were shown to undergo a thermal 
transition (melt) and infiltrate the electrode pores to form an ionically-insulating layer, 
thus shutting down battery functionality. Demonstration of this technique was a proof of 
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concept that polyethylene microspheres will infiltrate the pores of an electrode soaked in 
electrolyte, forming a conformal layer on the electrode surface, and function comparably 
to a commercial film separator, but unlike the commercial film separator, the 
microspheres perform without the risk of thermal shrinkage. 
 Building upon the autonomic shutdown concept, the next step was removal of the 
commercial film separator entirely, and developing an entirely particle-based separator. 
In this concept, glass microspheres to served as physical spacers between electrodes, 
while polyethylene microspheres (previously shown to be capable of performing 
autonomic shutdown) filled the interstitial regions. This concept was successfully 
demonstrated in coin cells under a simulated overheating condition, though optimization 
is still necessary to minimize particle-based separator thickness. 
 The development of battery-friendly solid microspheres and successfully cycling 
these microspheres in Li-ion batteries enabled the development of core-shell 
microcapsules containing useful additives for battery applications. First, 3-
hexylthiophene, an additive previously studied in literature for its life-extending 
properties, was encapsulated in polyamide microcapsules. While initial encapsulations 
produced microcapsules on the order of 100 µm, these microcapsules were too large for 
successful incorporation in coin-cell type batteries, and an order of magnitude reduction 
in size was required. After scaling down the recipe, 3-ht containing microcapsules were 
coated onto a model battery electrode, mechanically crushed to release their core, and 
electrochemically polymerized using cyclic voltammetry to form a conductive polymer 
in-situ. 
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 Finally, to address the issue of reducing electrolyte flammability while 
maintaining battery performance, TCP, a commercial flame retardant, was 
microencapsulated in UF-prepolymer microcapsules. Thermal triggering capability was 
tested and quantified via phosphorus NMR, electrolyte stability was investigated via 
TGA, and cycling performance was assessed using pouch cell-type Li-ion batteries. 
 
7.2  Future Directions 
 In this thesis work, autonomic shutdown and microencapsulated additive concepts 
were demonstrated in small, laboratory-scale Li-ion batteries. A key future direction of 
this work would be to demonstrate these concepts in full size batteries. 
While PE microspheres are currently being evaluated by the American Lithium 
Ion Battery Co for their ability to perform shutdown on a larger (non-coin cell) scale, the 
primary challenge in commercializing particle-based coatings, particularly those 
including glass microspheres, is overcoming the brittle nature of these coatings. Most Li-
ion batteries, whether cylindrical or prismatic, are wound in a jelly-roll configuration. 
One avenue that the brittleness of the particle-based separator coating can be overcome is 
by exploring alternate binders in the coating solution. Presently, coatings were prepared 
using an aqueous solution of CMC binder for ease of coating preparation and 
characterization, however, binders such as SBR rubber or PVDF may prove to be more 
robust. 
Further, another interesting avenue to explore involving particle-based separators 
is the development of separators capable of reversible shutdown. Currently, most internal 
and external safety devices on modern Li-ion cells are one-time-use, with the battery 
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rendered unusable once cell shutdown is initiated. However, to reduce waste, eliminate 
the inconvenience of replacement and chance of premature failure of thermal fuses, a 
reversible, microsphere-based approach is proposed. One potential way that reversible 
shutdown may be possible is by coating glass microspheres that are well-bonded to an 
electrode with a thermally-expanding matrix, schematically shown in Figure 7.1. In such 
a system, at room temperature, Li-ions can travel through the interstitial spaces created 
by sphere packing (Figure 7.1a), however, at elevated temperatures, the expansion of the 
polymer coating blocks ionic conductivity (Figure 7.1b). When the cell cools as a result 
of being temporarily terminated, the system reverts and normal operation (Figure 7.1c). 
 
 
Figure 7.1: Schematic representation of a reversible shutdown system approach. 
 
Major technical challenges in this effort involve developing the ability to coat a 
glass sphere with thermally-expanding materials, ensuring that the resulting spheres are 
sufficiently well bonded to the electrode, and that sufficient levels of expansion can be 
achieved to close pores and block Li-ion pathways. It is also important that as the coating 
material expands to close pores and makes contact with neighboring expanding material 
it does not stick together. 
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Similar to microsphere-based autonomic shutdown, microencapsulated battery 
additives too have the potential to enable Li-ion batteries to correct internal issues before 
they become critical. While polyamide microcapsules containing 3-hexylthiophene have 
successfully been prepared, future directions involve developing microcapsule triggers to 
deliver a controlled dose of additive to battery electrolyte, as well as developing protocols 
to test conductive polymer formation in situ, i.e., in cracked electrodes. 
Additionally, microcapsules containing TCP  flame retardant have been cycled in 
Li-ion pouch cells under normal operating conditions (i.e., at 25 °C). One future direction 
for this project is to test the ability of microcapsules to prevent fire in a battery 
undergoing thermal runaway. 
Finally, the effect of core-shell microcapsules on battery performance should be 
further investigated. For many of these proof-of-concept demonstrations, cycling rates 
did not exceed 1 C, and long term testing generally consisted of 50-100 cycles. However, 
commercial applications often must last for hundreds, if not thousands, of cycles. While 
both high rate and commercial long term cycling tests were not feasible in our 






Cycling Performance and Stability of Successful 
Microencapsulations 
 
To assess the effect of the presence of microcapsules on battery performance and 
test the stability of microcapsules in a battery environment, coin cells and pouch cells 
containing microcapsules were prepared. 3-hexylthiophene microcapsules were not tested 
in full Li-ion batteries, however, the microcapsules were soaked in a battery electrolyte 
and NMR studies were performed on the electrolyte to examine it for traces of leaked 
core material. A summary of coin cell cycling results and capsule soak test are shown in 
Table A.1. A control coin cell (containing no microcapsules) and a cell containing PE 
microspheres were cycled for 100 cycles at a 1 C rate and experienced a 4 % and 2 % 
change in specific capacity, respectively. Polyamide 3-ht microcapsules were shown to 
be stable in battery electrolyte for 1 month, at which point the test was stopped. 	  











Control coin cell 
(No microcapsules, 
Celgard 2325 only) 
 
Coin cell cycling 













(ρ = 2.76 mg cm-2, 
with Celgard 2325) 
 
Coin cell cycling  




















NMR measurement of 
electrolyte isolated 
from capsule soak  
(not cycled in a 
battery) 
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Flame retardant containing microcapsules were tested in pouch cell type Li-ion 
batteries due to concerns of crushing the 43 µm capsules in coin cells. A summary of the 
cycling results are shown in Table A.2 below.  	  











Control pouch cell 
(No capsules,  
MTI separator only) 
 
Pouch cell cycling 















Pouch cell with 
5 wt% capsules 
containing TCP 
flame retardant 
(with MTI separator) 
 
Pouch cell cycling  



















Pouch cell with 
10 wt% capsules 
containing TCP 
flame retardant 
(with MTI separator) 
 
Pouch cell cycling  























Microencapsulation of Tris(2,2,2-Trifluoroethyl 
phosphite) in UF-Prepolymer Microcapsules 
 
In addition to the successful encapsulation of Tris(2-chloroethyl) phosphate 
(TCP), as described in Chapter 6, Tris(2,2,2-Trifluoroethyl) Phosphite (TTFP) was also 
successfully microencapsulated in Urea-Formaldehyde (UF) prepolymer microcapsules. 
Figure B.1 shows these TTFP/UF microcapsules both under the optical microscope and 
with SEM imaging. These capsules contain a significant amount of core material, which 
is released when the microcapsules are crushed between two glass slides. These capsules 
have a rough shell wall morphology and a relatively thick shell wall of approximately 2.5 
µm. 
 
Figure B.1:  Optical and SEM imaging of UF prepolymer microcapsules containing 
TTFP. (a) Filter dried TTFP microcapsules with UF prepolymer wall. 1500 rpm stir rate, 
(b) Crushed TTFP microcapsules with UF prepolymer wall demonstrate significant core 
release, (c) Rough shell wall morphology of TTFP/UF prepolymer microcapsules, (d) 









These microcapsules contain a single, liquid core flame retardant (TCP) droplet. 
The mechanism of release relies on the melting away of the shell wall as dictated by the 
shell wall polymer properties to release the core. Polystyrene-walled microcapsules were 
prepared containing TCP flame retardant using a solvent evaporation technique, as shown 
in Figure C.1.  
 
 




SEM images of polystyrene-walled, TCP containing microcapsules are shown in 
Figure C.2 below. The capsules are robust, i.e., form a free-flowing powder when filter 
dried and are ca. 17 µm in diameter, with an average shell wall thickness of 
approximately 2 µm. 
 
 
Figure C.2: SEM imaging of polystyrene-walled microcapsules with TCP flame retardant 
core. (a) Microcapsules are have a smooth shell wall morphology and are free-flowing, 
(b) SEM image of a cross-section of a polystyrene-walled microcapsule that contained a 
TCP flame retardant core. 
 
The neat polystyrene (PS)/TCP microcapsules are approximately 40 % full, as can 
be seen from the TGA traces below (Figure C.3a), and do survive in LIBOB EC:PC, a 
research-grade Lithium-ion battery electrolyte that has gotten much interest in the Li-ion 




Figure C.3: TGA analysis, (a) TGA curves of neat polystyrene polymer, neat TCP core, 
and polystyrene microcapsules containing TCP, (b) TGA curves of neat polystyrene 
polymer, neat TCP core, and polystyrene microcapsules containing TCP after a 48 hr soak 
in LIBOB EC:PC. 
 
While in the current formulation, these capsules do not survive soaking in 
commercial electrolytes such as LiPF6 EC:EMC and LiClO4 EC:DMC, protective 






















Microencapsulation of Tris(2-chloroethyl phosphate) in 
Polyimide (PI)/Poly(lactic acid) (PLA) Microcapsules 
 
 
TCP can also be encapsulated in polyimide (Matrimid 5218)/PLA microcapsules 
according to the recipe in Figure D.1. The resulting microcapsules are robust and free 
flowing, and microcapsule morphology can be controlled by varying the ratio of PI/PLA, 
as shown in Figure D.2. 
 
Figure D.1: Schematic representation of PI/PLA microcapsules containing TCP 
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 By varying the ratio of PI/PLA, the morphology of the microcapsules can be 
tuned from two separate spheres of PI and PLA, to a core-shell morphology with both 
PI/PLA in the shell wall around a TCP droplet, to a multi-cored morphology of TCP in 
PI/PLA. 
 
Figure D.2: Morphologies of PI/PLA microcapsules, (a) 60:40 PI/PLA. Two separate 
morphologies are observed, (b) 80:20 PI/PLA. Concentric capsules with inner porous 
PLA morphology and outer polyimide capsule, (c) 90:10 PI/PLA, (d) 95:5 PI/PLA, (e) 
98:2 PI/PLA, Multi-cored microcapsules with large core pockets. Some core-shell 
capsules were formed, but mostly multi-cored morphology was observed, (f) 100:0 
PI/PLA. Multi-cored microcapsules with small core pockets. Little to no core-shell 
microcapsules were formed. 
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 The electrolyte stability of the microcapsules shown in Figure D.2d was 
investigated using Thermogravimetric (TGA) analysis. Neat microcapsules were soaked 
in two different electrolytes, LiPF6 EC:EMC and LiClO4 EC:DMC for 48 h. TGA traces 
for the neat TCP core, solid PI/PLA microspheres, neat microcapsules, and electrolyte 
soaked capsules are shown in Figure D.3a. The original microcapsules are not 
particularly stable in these electrolytes, likely due to the plasticizing behavior of the TCP, 
and the core diffuses out of the microcapsule, as evident in the mass loss measured by 
TGA.  There are several ways to improve the electrolyte stability of these microcapsules, 
including using a higher Mw PLA (300k vs. 50k) and including a non-plasticizing flame 
retardant, such as TTFP, into the core (Fig D.3b). 
 
Figure D.3: (a) Electrolyte testing of PI:PLA (Mw=50k) microcapsules containing TCP 





Manufacturing & Autonomic Shutdown of Pouch Cells 
 
 
1. Single electrode pouch cells 
a. Coat electrode (approx. dimensions 1” x 1.5” or 2.54 cm x 3.91 cm) and 
attach tabs 
b. Thermally seal separator ‘bag’ around cathode 
c. Thermally seal pouch around electrodes, leaving some space to inject 
electrolyte 




Figure E.1: Pouch cell manufacturing, (a) Illustration of Step a., (b) Illustration of Step b., 
(c) Illustration of Step c.  
 
 A pouch cell prepared as described above an anode with a PDA-coated 
microsphere coverage of ~ 11.2 mg cm-2. The ‘room temperature’ charge capacity was 
121 mAh g-1 ( 160 mAh g-1 theoretical) at a rate of 1 C (Figure E.2a).	  After the pouch cell 
was heated in an oven ex-situ at 110 °C for 5 minutes and cycled 1 C, autonomic 




Figure E.2: Pouch cell cycling at room temperature and 110 °C. (a) Voltage and current 
profiles at 25 °C. (b) Voltage and current profiles a for pouch cell after heating at 110 °C 
for 5 minutes. 	  
2. Full-scale pouch cells 
 
 
Figure E.3: Pouch cell preparation. (a) full strips of electrode and separator ‘bag’ in 
between. Dimensions of electrodes were 4.5 cm x 28 cm, which was estimated to result in 
a 200 mAh cell calculated from theoretical capacity, (b) Prismatic ‘jelly roll’ of electrode 
materials, (c) Final product after injection of electrolyte and thermal sealing. Cell did not 
leak at all. 
 
Cycling was performed at the rates shown below. For comparison, a typical coin 
cell has about 2 mAh of capacity. 
Rate Charge Capacity Discharge Capacity Efficiency 
C/5 135 mAh 98 mAh 0.728 
C 45 mAh 26 mAh 0.582 	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